A limited number of microRNAs (miRNAs, miRs) have been reported to control postnatal cardiomyocyte proliferation, but their strong regulatory effects suggest a possible therapeutic approach to stimulate regenerative capacity in the diseased myocardium. This study aimed to investigate the miRNAs responsible for postnatal cardiomyocyte proliferation and their downstream targets. Here, we compared miRNA profiles in cardiomyocytes between postnatal day 0 (P0) and day 10 (P10) using miRNA arrays, and found that 21 miRNAs were upregulated at P10, whereas 11 were downregulated. Among them, miR-31a-5p was identified as being able to promote cardiomyocyte proliferation as determined by proliferating cell nuclear antigen (PCNA) expression, double immunofluorescent labeling for α-actinin and 5-ethynyl-2-deoxyuridine (EdU) or Ki-67, and cell number counting, whereas miR-31a-5p inhibition could reduce their levels. RhoBTB1 was identified as a target gene of miR-31a-5p, mediating the regulatory effect of miR-31a-5p in cardiomyocyte proliferation. Importantly, neonatal rats injected with a miR-31a-5p antagomir at day 0 for three consecutive days exhibited reduced expression of markers of cardiomyocyte proliferation including PCNA expression and double immunofluorescent labeling for α-actinin and EdU, Ki-67 or phospho-histone-H3. In conclusion, miR-31a-5p controls postnatal cardiomyocyte proliferation by targeting RhoBTB1, and increasing miR-31a-5p level might be a novel therapeutic strategy for enhancing cardiac reparative processes.
INTRODUCTION
Adult mammalian cardiomyocytes retain some limited endogenous renewal capacity; however, this capacity is insufficient for the replacement of acute or chronic cardiomyocyte loss in ischemic cardiac injury or heart failure. 1 Unlike the adult heart, the neonatal mammalian heart is able to substantially regenerate after injury by increasing the level of cardiomyocyte proliferation, although this regenerative capacity is lost by postnatal day 7. 2 In addition, cardiomyocyte proliferation has been reported to contribute to developmental heart growth in young humans. 3 Interestingly, adult mammalian cardiomyocytes withdraw from the cell cycle soon after birth (3-5 days after birth in rats). 4, 5 A better understanding of the underlying mechanisms for the transition of cardiomyocytes from a proliferative phenotype to a quiescent state would help identify potential novel strategies to reactivate the dormant regenerative capacity in the adult heart upon injury. 4, 6 MicroRNAs (miRNAs, miRs) are small, noncoding RNAs that have fundamental roles in almost all aspects of the gene regulatory network. 7, 8 miRNAs are capable of regulating the cell phenotype, including proliferation and hypertrophy, 7, 9 and are necessary for embryonic and neonatal heart development, as well as cardiac homeostasis in adults. 10, 11 Dysregulation of miRNAs has been reported in myocardial infarction, fibrosis, hypertrophy and heart failure. 10, [12] [13] [14] [15] Accumulating evidence suggests that dysregulated miRNAs such as miR-195, -29a, -30a and -141 contribute to the postnatal mitotic arrest of cardiomyocytes. 5, 16, 17 These studies either used whole ventricles or investigated a later time point (4 weeks or 1 year after birth) in purified cardiomyocytes. 5, 16, 17 As cardiomyocyte proliferation drops quickly after birth and after primary isolation, 6, 16 we compared the miRNA profiles in cardiomyocytes between postnatal day 0 (P0) and day 10 (P10), an earlier time point than previously examined.
Here, we found 32 miRNAs that were differentially expressed in cardiomyocytes between postnatal day 0 (P0) and day 10 (P10) based on miRNA arrays. Although miR-31a-5p was significantly upregulated in P10 cardiomyocytes compared with its expression in P0 cardiomyocytes, it was surprisingly found to promote cardiomyocyte proliferation, whereas inhibition of miR-31a-5p decreased proliferation, which is contrary to our initial hypothesis. We consider the upregulation of miR-31a-5p in P10 cardiomyocytes as a compensatory mechanism of the cardiomyocyte in response to exiting the cell cycle. RhoBTB1 was identified as a target gene of miR-31a-5p responsible for the pro-proliferative effect of miR-31a-5p in cardiomyocytes. Finally, neonatal rats injected with miR-31a-5p antagomir at day 0 for 3 days exhibited reduced expression of cardiomyocyte proliferation markers, indicating that miR-31a-5p is required for postnatal cardiomyocyte proliferation in vivo.
MATERIALS AND METHODS

Neonatal rat ventricular cardiomyocyte isolation
All rats were purchased and raised in the Experimental Animal Center of Nanjing Medical University (Nanjing, China). All procedures with rats were in accordance with guidelines on the use and care of laboratory animals for biomedical research published by the National Institutes of Health (No. 85-23, revised 1996) , and the experimental protocol was reviewed and approved by the Animal Care and Use Committee of Nanjing Medical University. Primary neonatal rat ventricular cardiomyocytes (NRVMs) using ventricles from day 0 (P0) and day 10 (P10) of neonatal pups were prepared as previously described 18 and purified by Percoll gradient centrifugation.
RNA isolation and miRNA arrays
Total RNA (including miRNA) was extracted from cardiomyocytes using the RNeasy Mini Kit (Qiagen, Hilden, Germany). miRNA profiling was performed using OE Biotech's (Shanghai, China) miRNA microarray service. The MIAME-compliant data have been submitted to the Gene Expression Omnibus (GEO, platform ID: GSE74205).
Quantitative reverse transcription polymerase chain reaction
To validate the miRNA arrays results, the Bulge-Loop miRNA qPCR Primer Set (RiboBio, Guangzhou, China) was used to determine the expression levels of dysregulated miRNAs by Quantitative reverse transcription polymerase chain reactions (qRT-PCRs) with iQ SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA, USA) on an ABI-7900 Real-Time PCR Detection System (7900HT, Applied Biosystems, Foster city, CA, USA). U6 was used as an endogenous control. The expression levels of RhoBTB1, RhoBTB2 and RhoBTB3 were analyzed by quantitative PCRs with SYBR Green (TaKaRa) on an ABI-7900 Real-Time PCR Detection System (7900HT, Applied Biosystems). 18S was used as an inner control for normalization. The primer sequences used were as follows (5′-3′): RhoBTB1 (forward GAAAGCCTTCCACGTCAGGA and reverse GTGCAACCAAGTGT GTCAGG), RhoBTB2 (forward TCTTCGAGCCTCCATGACATT and reverse ACCTCCTAGGGTCCCAGTTC) and RhoBTB3 (forward GTAGCTTGTTGCTGAACGCC and reverse GCCGCAATGATGACT GGAAC). The 18S (forward AGTCCCTGCCCTTTGTACACA and reverse CGATCCGAGGGCCTCACTA) was used for normalization. The relative expression level was calculated using the 2 − ΔΔCt method.
Cell transfection and cell proliferation assay
MicrON miRNA mimic (50 nM), micrOFF miRNA inhibitor (100 nM) or their negative controls (RiboBio, China) were transfected into cardiomyocytes for 48 h using Lipofectamine 2000 (Invitrogen, Cambridge, MA, USA), as recommended by the manufacturer. Transfection with siRNAs for RhoBTB1 (75 μM) (Invitrogen) was carried out using Lipofectamine 2000. For 5-ethynyl-2-deoxyuridine (EdU) staining, 24 h after transfection with the miRNA mimic (incubated with 1% serum), inhibitor (incubated with 10% serum) or their negative controls, NRVMs were labeled with EdU for 24 h before harvesting, and the Click-iT EdU Alexa Fluor 555 Imaging Kit (Thermo Scientific, Cambridge, MA, USA) was used to reveal EdU incorporation. For Ki-67 staining, NRVMs were incubated with the following primary antibodies overnight: α-actinin (1:100, A7811, Sigma-Aldrich, St Louis, MO, USA) and Ki-67 (1:100, ab 16667, Abcam, Cambridge, UK).
Luciferase reporter assay
Complementarity between RhoBTB1-3′UTR and the rno-miR-31a-5p sequence was obtained from RNAhybrid (V2.1) (http://bibiserv.techfak. uni-bielefeld.de/rnahybrid/). A pmiR-RB-REPORT vector (Ribobio) was constructed by inserting a fragment of the 3′-UTR of RhoBTB1 mRNA containing the putative miR-31a-5p binding site as follows: r_Rhobt-b1_3UTR_F: GCGCTCGAGCCGTTGGATAACC GTGTC and r_Rhobtb1_3UTR_R: AATGCGGCCGCTTTGGCAAGAATACAATC, using the XhoI and NotI sites. As a mutated control vector, a 3′-UTR fragment, with mutations in the seed binding sites, was generated using the following primer: r_Rhobtb1_mut_R1937 (NotI): AATGCGGCC GCTTTCCGTTCTATACAATC. For reporter assays, 293T cells were transfected with the wild-type or mutant reporter plasmid and rnomiR-31a-5p or negative control mimics (RiboBio). Firefly and Renilla luciferase activities were measured 48 h post-transfection using the DualGlo Luciferase Assay System (Promega, Madison, WI, USA) according to the manufacturer's instructions.
Western blotting
Equal amounts of protein were subjected to SDS-PAGE and transferred onto PVDF membranes. Antibodies against RhoBTB1 (1:1000; ab88876, Abcam, Cambridge, UK) and PCNA (1:1000; 13110, Cell Signaling Technology, Boston, MA, USA) were used as primary antibodies. Mouse or rabbit IgG antibodies coupled to horseradish peroxidase (HRP) were used as secondary antibodies. Actin (1:1000; cat. 4967, Cell Signaling Technology) was used as the loading control. The blots were developed with an enhanced chemiluminescence reagent (Thermo Scientific) and exposed on a ChemiDoc MP imager (Bio-Rad Laboratories). Image Lab software was used to quantify the band density.
miR-31a-5p antagomir injections and immunofluorescence staining miR-31a-5p antagomir (2'OME+ 5'chol modified) (RiboBio) injections were performed. To inhibit miR-31a-5p in neonatal rats, 50 mg kg − 1 antagomir or the scramble control was given intraperitoneally for 3 consecutive days after birth, and 5-ethynyl-2′-deoxyuridine (EdU, 50 mg kg − 1 ) was injected intraperitoneally daily 2 days before harvesting at P4. Ventricular tissues were miR-31a-5p promotes cardiomyocyte proliferation J Xiao et al snap frozen in liquid nitrogen with OCT on the short axis at 8 μm. For staining, sections were fixed in 4% paraformaldehyde (PFA) followed by washing with PBS. Sections were blocked with 3% (w/v) BSA in PBS and then incubated with primary antibodies overnight: p-histone H3 (1:100, ab5176, Abcam), Ki-67 (1:100, ab 16667, Abcam) and α-actinin (1:100, A7811, Sigma-Aldrich).
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Statistical analysis
Data were presented as the mean ± s.e. An unpaired t-test was used for comparisons between two groups with a significance level of 0.05. A one-way ANOVA test was performed to compare values among more than three groups followed by Bonferroni's tests to compare the differences between every two groups. P-values o0.05 were considered to be statistically significant. All analyses were performed using GraphPad Prism 5.
RESULTS miR-31a-5p controls postnatal NRVM proliferation in vitro To identify miRNAs responsible for postnatal NRVM proliferation, we compared the miRNA expression in cardiomyocytes isolated from rat pups at 0 day and 10 days of age. A total of 32 miRNAs were differentially expressed between cardiomyocytes isolated from these two time points, among which 21 miRNAs were upregulated and 11 were downregulated at P10 ( Figure 1a and Table 1 ). As miR-31a-3p was the most upregulated miRNA from these array results and miR-31a-5p was localized in its 5p-arm (Table 1) , we selected these two miRNAs for further analysis of their functional role in NRVM proliferation. First, we validated our miRNA array data by qRT-PCR and demonstrated the upregulation of both of these selected miRNAs in cardiomyocytes at 10 days compared with their expression at P0 ( Figure 1b) . Next, we assessed the effects of the gain-of-function of these miRNAs on EdU incorporation (a measure of cellular proliferation) in NRVMs. NRVMs (isolated from 0-day rat pups) transfected with miR-31a-3p did not exhibit an increase in EdU incorporation (Figure 1c) , whereas miR-31a-5p transfection increased the expression of EdU-positive cardiomyocytes (Figure 1d ). The effect of miR-31a-5p on NRVM proliferation was contrary to our initial hypothesis, and we considered the upregulation of miR-31a-5p in P10 cardiomyocytes as a compensatory response. NRVM proliferation as assayed by EdU incorporation was also confirmed by Ki-67 immunostaining, another marker for cellular proliferation (Figure 1e ), cell counting to measure the total number of cardiomyocytes (Figure 1f) , and the expression level of PCNA as shown by western blotting (Figure 1g ). Taken together, these data suggest that miR-31-5p is sufficient to induce NRVM proliferation. Next, we tested the effect of miR-31a-5p loss-of-function on NRVM proliferation. Transfection of 0-day NRVMs with the miR-31-5p inhibitor led to a marked decrease in miR-31-5p levels (Figure 2a) . Inhibition of miR-31-5p in these cardiomyocytes led to a decrease in NRVM proliferation as assayed by EdU incorporation (Figure 2b ), Ki-67-positive cells (Figure 2c ) and total number of NRVMs by cell counting (Figure 2d ). Finally, the PCNA level as assessed by western blotting was also decreased by inhibition of miR-31-5p in NRVMs (Figure 2e ). These experiments suggested that miR-31a-5p was necessary for NRVM proliferation in 0-day postnatal NRVMs.
RhoBTB1 is a target gene of miR-31a-5p
Bioinformatics analysis using Targetscan indicated RhoBTB1 as a potential target gene of miR-31a-5p. Using a reporter construct with the putative 3′-UTR miR-31a-5p binding site of RhoBTB1 downstream of the luciferase gene, we showed that miR-31a-5p led to a reduction in luciferase activity, providing experimental validation of RhoBTB1 as a target for miR-31-5p. Accordingly, after mutation of the binding site, the luciferase activity could not be altered, confirming that miR-31a-5p promotes cardiomyocyte proliferation J Xiao et al the binding of miR-31-5p to its 3′-UTR site was necessary for the silencing of RhoBTB1 (Figure 3a) . Western blotting confirmed that the miR-31a-5p mimic downregulated, whereas its inhibitor upregulated RhoBTB1 expression in cultured NRVMs (Figure 3b and c) , indicating that miR-31a-5p was able to regulate endogenous RhoBTB1 expression levels in NRVMs. Moreover, qRT-PCR demonstrated that miR-31a-5p did not regulate the expression of other RhoBTBs, including RhoBTB2 and RhoBTB3, at least at the mRNA level ( Figure 3d ). Next, we sought to establish a mechanistic link between miR-31a-5p and its target gene RhoBTB1. RhoBTB1 knockdown mediated by the RhoBTB1 siRNA led to an increase in EdU incorporation into NRVMs (Figure 3e and f). Co-transfection with the RhoBTB1 siRNA and miR-31a-5p mimic did not exert an additive effect on the increase in EdU incorporation (Figure 3f ). Moreover, co-transfection with the RhoBTB1 siRNA and miR-31a-5p inhibitor completely reversed the suppressive effect of the miR-31a-5p inhibitor on the EdU incorporation rate of NRVMs (Figure 3g ). Taken together, these results demonstrate that RhoBTB1 is responsible for the pro-proliferative effect of miR-31a-5p in NRVMs.
miR-31a-5p is required for postnatal cardiomyocyte proliferation in vivo
To further explore whether miR-31a-5p is required for postnatal cardiomyocyte proliferation in vivo, neonatal rats were injected intraperitoneally with the miR-31a-5p antagomir or scrambled controls for three consecutive days after birth to prevent the increase in miR-31a-5p observed in the postnatal heart (Figure 4a ). Inhibition of miR-31a-5p decreased cardiomyocyte proliferation, as evidenced by reduced PCNA expression, EdU incorporation and Ki-67 or phospho-histone-H3 (pHH3) staining in cardiomyocytes (Figure 4b-e) . Importantly, as expected, miR-31a-5p downregulation was paralleled by an upregulation of its downstream target RhoBTB1 (Figure 4e) .
Collectively, these data indicate that miR-31a-5p is required for postnatal cardiomyocyte proliferation in vivo.
DISCUSSION
Endogenous cardiomyocytes have been increasingly recognized as a source of new cardiomyocytes, which indicates the possibility of stimulating endogenous cardiomyocyte proliferation for myocardial repair and regeneration. 1, 19, 20 Interestingly, the postnatal mammalian heart retains a regenerative capacity that is lost within 7 days, coinciding with the time when cardiomyocytes withdraw from the cell cycle after birth. 16 Exploring factors promoting cardiomyocyte proliferation may help develop novel therapeutic strategies for enhancing cardiomyocyte proliferation following cardiac ischemic injury or heart failure. 21 Few miRNAs have been reported to control postnatal cardiomyocyte proliferation. 8 A previous miRNA array study using ventricles from mice at 1 day and 10 days of age found that the miR-15 family, especially miR-195, regulates the postnatal mitotic arrest of cardiomyocytes. 16 Knockdown of the miR-15 family in neonatal mice increased the number of mitotic cardiomyocytes, indicating that the miR-15 family is a negative regulator of postnatal cardiomyocyte proliferation. 16 Another study compared the expression levels of miRNAs in purified neonatal and adult cardiomyocyte, and found increase in miR-29a, miR-30a and miR-141 in adult cardiomyocytes. 17 Treatment of neonatal cardiomyocytes with miR-29a, miR-30a or miR-141 inhibitors leads to more cycling cardiomyocytes. 17 Similarly, comparisons of miRNA expression patterns in rat cardiomyocytes between postnatal day 2 (P2) and 4 weeks of age (P4W) 5 showed that 95 miRNAs were differentially expressed in P4W cardiomyocytes. Overexpression of miR-29a suppressed the proliferation of the H9C2 cell line, whereas miR-29a inhibition increased it. 5 Although promising, these studies used either whole-heart preparations or cultured neonatal cardiomyocytes at late time points (4 weeks or adult). 5, 16, 17 Here, we took advantage of miRNA arrays to compare miRNA profiles in cardiomyocytes between P0 and P10 followed by a qRT-PCR validation and functional screening and found that miR-31a-5p was able to increase NRVM proliferation. miR-31a-5p expression was increased in cardiomyocytes isolated at P10, which is surprising and contrary to our initial hypothesis. We consider the upregulation of miR-31a-5p in P10 cardiomyocytes as a compensatory mechanism of the cardiomyocytes in response to exiting the cell cycle. However, determining whether miR-31a-5p is able to promote mature cardiomyocyte proliferation and whether RhoBTB1 is a target of miR-31a-5p in mature cardiomyocytes is highly needed. We cannot fully exclude the possibility that miR-31a-5p does not have an effect on mature cardiomyocyte proliferation.
In fact, relatively little is known about the role of miR-31a-5p (also known as miR-31) in the heart. miR-31a-5p has previously been confirmed as a negative modulator of the cardiac fibrogenic epithelial-to-mesenchymal transition of epicardial mesothelial cells. 22 The atrial-specific increase in miR-31a-5p in human atrial fibrillation is a key factor mediating atrial loss of dystrophin and neuronal nitric oxide synthase. 23 In addition, miR-31a-5p has been reported to inhibit the proliferation of nasopharyngeal carcinoma cells, serous epithelial ovarian cancer cells and glioblastoma multiform cells. [24] [25] [26] However, miR-31a-5p has been demonstrated to promote the proliferation of colon cancer cells. 27 These data indicate the complex roles of miR-31a-5p in cellular proliferation and support a tissue-and cell-based specific role of miR-31a-5p. Here, we first report a novel role of miR-31a-5p in controlling postnatal cardiomyocyte proliferation, which is supported by the fact that miR-31a-5p promotes NRVM proliferation, whereas its inhibition has the inverse effect in vitro. Furthermore, antagonizing miR-31a-5p is able to decrease cardiomyocyte proliferation in vivo. This is the first miRNA identified from postnatal heart growth that can promote NRVM proliferation.
RhoBTB proteins, including RhoBTB1, RhoBTB2 and RhoBTB3, are a subfamily of the Rho small GTPases, which are characterized by a modular organization and a conserved C-terminal region participating in signal transduction cascades. 28 Relatively little is known about the function of RhoBTB1. RhoBTB1 is a tumor suppressor gene, located at the allelic loss region 10q21 in head and neck cancer. 29 RhoBTB1 has also been identified as a target gene of miR-31 in human colon cancer. 27 Interestingly, the role of RhoBTB1 in cardiac pathologies is completely unexplored to date. Here, we found that knockdown of RhoBTB1 could promote cardiomyocyte proliferation and was responsible for the pro-proliferative effect of miR-31a-5p in cardiomyocytes. Importantly, miR-31a-5p downregulation was paralleled with an upregulation in RhoBTB1 expression both in vitro and in vivo. It would also be interesting to further determine the in vivo roles for RhoBTB1 in the future. Nevertheless, the present study suggests that RhoBTB1 is a target gene of miR-31a-5p in cardiomyocytes and implicates potential roles of RhoBTB1 in the heart that deserve to be explored in the future.
Interestingly, the suppressive effect of miR-31a-5p inhibition in cardiomyocyte proliferation was also confirmed by the result that antagonizing miR-31a-5p decreased expression of cardiomyocyte proliferation markers in vivo. As it is beyond the scope of the present work, we did not examine whether miR-31a-5p functionally contributed to neonatal and adult mammalian cardiac regeneration or whether increasing miR-31a-5p protected against cardiac ischemic injury. Previous studies by others have indicated that miRNAs regulating the postnatal mitotic arrest of cardiomyocytes, such as the miR-15 family, may be modulators of heart regeneration, and their inhibition may protect against cardiac ischemic injury. 30 Thus, the functional roles of miR-31a-5p in cardiac repair and regeneration under pathological conditions need to be clarified in the future.
In conclusion, miR-31a-5p controls postnatal cardiomyocyte proliferation by targeting RhoBTB1, and enhancing miR-31a-5p might be a novel strategy for promoting cardiac regeneration.
